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Polymer Partitioning from Nonideal Solutions into Protein Voids
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ABSTRACT: Using the change in conductance of a single nanometer-wide protein pore of the a-hemolysin
channel to detect pore occupancy by polymers, we measure the equilibrium partitioning of differently
sized poly(ethylene glycol)s as a function of polymer concentration in the bulk solution. In the semidilute
regime, increased polymer concentration results in a sharp increase in polymer partitioning. Quantifying
solution nonideality by osmotic pressure and taking the free energy of polymer confinement by the pore
at infinite dilution as an adjustable parameter allows us to describe polymer partitioning only at low
polymer concentrations. At larger concentrations the increase in partitioning is much sharper than the
model predictions. The nature of this sharp transition between strong exclusion and strong partitioning
might be rationalized within the concepts of scaling theory predicting this kind of behavior whenever the
correlation length of the monomer density in the semidilute bulk solution becomes smaller than the pore
radius. Specific attractive interactions between the protein pore and the polymer that exist in addition

to the entropic repulsion accounted for in the present study may also play a role.

Introduction

Understanding polymer partitioning into nanoscale
cavities is crucially important in many areas of science
and technology. Chromatography is probably the oldest
example where the mechanisms of polymer chain dis-
tribution between a mobile solution phase and the small
voids of a stationary medium underlie the theoretical
basis of a number of methods of macromolecule separa-
tion.! Among more recent examples there is the “osmotic
stress technique” , a tool for fundamental studies of
inter- and intramolecular forces,?~* where accounting
for polymer exclusion is essential for data interpreta-
tion. Size-dependent partitioning of water-soluble soft
polymers has also found its applications in the sizing
of aqueous pores of ion channels.5~10

Sizing ion channels with polymers is based on the
polymer-induced change in channel conductance. Added
at the same weight concentration, differently sized
polymers reduce bulk solution conductivity to a similar
extent (e.g., ref 11). However, their action on the channel
conductance is size-dependent.1? To enter the pore, large
polymers have to overcome a significant entropy barrier.
Polymer coils that are much larger than the diameter
of the channel aqueous pore influence its conductance
only at the pore access areas, introducing relatively
small (though measurable®) effects. Polymers that are
significantly smaller than the pore diameter are able
to partition into the pore and inhibit ion currents more
efficiently. Therefore, the polymer-induced change in
channel conductance quantitatively gauges polymer
partitioning.

In our previous studies,%13.14 we have shown that the
decrease in the poly(ethylene glycol) (PEG) partition
coefficient with polymer molecular weight is much
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sharper than the existing models for polymer partition-
ing’®~17 predict. This sharp transition is still not un-
derstood. It could not be accounted for by the corrections
arising from the pore noncylindrical shape or polymer
distribution in size.%18

Polymer partitioning was also probed in the reaction
of sulfhydryl-directed poly(ethylene glycol)s with the
cysteine residues located in the lumen of the a-hemo-
lysin channel® and in time-resolved analysis of channel
blockage by PEG molecules.?° Both these studies were
performed using diluted PEG solutions and PEG par-
titioning was found to decrease with the polymer size
in satisfactory agreement with the scaling theory16.17
predictions. The difference between the results of these
kinetic studies and the equilibrium partitioning experi-
ments discussed above was attributed to the nonideality
of the high concentration polymer solutions used in the
equilibrium partitioning measurements.

The problem of solution nonideality in the physics of
biological phenomena is quite general. Its realm spreads
well beyond channel-facilitated transport. Densely packed
molecules of the cell change water activity and, there-
fore, influence their own functional properties.* More-
over, they sterically “crowd” each other?! inducing
intermolecular interactions that are negligible in diluted
solutions.

To our knowledge, there are only two theoretical
models that give simple analytical results for partition-
ing of a dilute solution of flexible polymer chains with
molecular weight w into a long circular cylindrical
pore.?2 The first, “random flight statistics” model®®
accounts for the change in conformational freedom of a
polymer modeled as an ideal three-dimensional random
walk and is applicable for both weak and strong
confinements. The second, scaling model'617 deals with
strong confinements. For the partition coefficient p(w),
which is the ratio of polymer density in the pore to
polymer density in the bulk, the scaling model gives a
simple exponential form p(w) = exp(—w/ws), though we,
is not defined within the framework of the scaling
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Figure 1. Osmotic pressure of PEG300 and PEG3400 solu-
tions demonstrating significant deviations from the ideal gas
behavior and van't Hoff law (interrupted lines). For PEG300
a 2-fold increase due to the polymer—polymer repulsion is seen
at concentrations close to 30%, while for PEG3400 it happens
already at about 10%. Data are taken (or interpolated) from
the osmotic pressure tables at the Brock University website
http://aqueous.labs.brocku.ca and fitted by a third-order virial
expansion (solid line through PEG300 data) and by a des
Cloizeaux approximation (solid line through PEG3400 data).

arguments. Both models refer to dilute polymer solu-
tions and if wg is properly adjusted, both give quanti-
tatively close predictions (e.g., refs 9 and 10).

We examine the role of polymer solution nonideality
by studying partitioning of PEG into the pore of the
o-hemolysin channel. We use PEG water solutions at
concentrations that correspond to transition from dilute
to semidilute regime. Figure 1 shows that at these
concentrations the polymer—polymer repulsion is sig-
nificant and depends on polymer molecular weight. For
PEG300 repulsion starts to dominate the solution
osmotic pressure at polymer concentrations above 30%.
For PEG3400 the nonideality is stronger: it dominates
already at about 10% concentration.

Polymer—polymer repulsion is able to increase par-
titioning dramatically.?? Indeed, for several PEGs we
see a qualitative transition in polymer behavior: with
the increasing polymer concentration it changes from
practically complete exclusion to practically complete
equipartitioning.

We use the osmotic data presented in Figure 1 to
rationalize our findings. Chemical potentials of polymer
molecules in the bulk and in the pore are calculated as
functions of their concentrations following Teraoka et
al.?223 and using the des Cloizeaux'® and Ohta and
Oono?* approximations for the osmotic pressure or,
alternatively, using an osmotic pressure expansion up
to the third-order virial coefficient. We also account for
the chain contraction?* at the increasing polymer con-
centrations. However, we obtain only qualitative agree-
ment between our experimental results and thermody-
namic calculations: high polymer concentrations induce
polymer partitioning that is much more pronounced
than that deduced from our calculations. We find that
the nonideality-induced transition between polymer
exclusion and equipartitioning is much sharper than the
theoretical prediction.

Scaling arguments may offer a qualitative explana-
tion of our findings. According to Daoud and de Gennes,?
partitioning of long polymers in semidilute solutions is
determined by the ratio of the correlation length of
monomer density fluctuations to the pore radius. A
transition between weak and strong penetration occurs
when the polymer concentration is so high that this
ratio becomes smaller than one. At these high concen-
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trations confinement does not dominate partitioning any
more.

In addition, the polymer partitioning could be modi-
fied by the polymer—pore attractive interactions whose
existence was established in our previous studies.!314
To account for the weak to strong penetration transition,
the strength of these interactions per chain would have
to increase with the increasing polymer concentration.

Experimental Section

Staphylococcus aureus o-hemolysin (or a-toxin) was a
generous gift of Dr. Hagan Bayley of Texas A&M University.
Diphytanoylphosphatidylcholine (DPhPC) was purchased from
Avanti Polar Lipids (Alabaster, AL), and n-pentane was from
Burdick and Jackson (Muskegon, MI). Polymeric nonelectro-
lytes were poly(ethylene glycol)s (PEG) of average molecular
weight: PEG200, PEG1500, PEG2000, PEG3400 (Aldrich
Chemical Co., Inc., Milwaukee, WI). Other chemicals were
analytical grade.

Bilayer lipid membranes were formed at room temperature
(23+£2 °C) using the lipid monolayer opposition technique from
solutions of DPhPC in pentane on a 70 um diameter aperture
in the 15 um thick Teflon partition as previously described.%4
The total capacitance was 90—100 pF, and the film capacitance
was close to 40 pF.

Double-distilled water was used to prepare all buffer solu-
tions. Unless stated otherwise, the standard solution used in
the bilayer experiments contained 1 M KCIl and 5 mM Tris at
pH 7.5 adjusted with citric acid. To keep the ion/water molar
ratio constant, polymers were added to the standard solution.
The conductivity of each solution was measured with a CDM83
(Radiometer Copenhagen) multirange conductivity meter at
23 °C.

The polymer concentration shown on the figures’ axes, ¢ %,
is the “weight/volume concentration”, where ¢ % = 15 means
that 100 mL of solution contain 15 g of PEG. This means that
the actual dimensionality of these units is 10 kg m=3. In
addition to practical convenience of the weight/volume con-
centration there is a simple relation between ¢ % and polymer
molecular concentration ¢ with the dimensionality of m=2:
¢ = (10 x ¢ %)/W, where W is the mass of one polymer molecule
in kilograms.

Small amounts of a-hemolysin from a diluted stock solution
of 50 ug/mL were added to the cis side of the chamber. The
final concentration of the protein in the membrane-bathing
solution was about 100 pM. Unless stated otherwise, the
experiments were performed at —40 mV of transmembrane
voltage. The minus sign means that the potential on the side
of protein addition is more negative.

Results and Discussion

The aqueous pore of an ion channel can be regarded
as a “nanoscopic cuvette” for studying chemical reac-
tions26 and polymer—pore interactions.2’—30 In polymer
partitioning experiments, because of these interactions
and the small size of the pore, it is possible to monitor
not only the average occupancies but also the their time
variations reflecting characteristic times of particle
exchange.3!

Figure 2 illustrates spontaneous insertions of several
o-hemolysin channels into a planar lipid membrane
bathed by polymer-free 1 M KCI aqueous solution (panel
A) and by the same solution with 20% PEG2000 added
(panel B). Polymer addition changes channel behavior
in two ways: it reduces channel conductance, and
causes vigorous conductance fluctuations seen as an
expressed current noise. These fluctuations characterize
dynamics of the polymer partitioning?®3! while the
average decrease in conductance reports on a degree of
polymer partitioning into the channel pore.
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Figure 2. lon current recordings showing spontaneous insertions of several a-hemolysin channels into the planar lipid membrane
in the absence (A) and in the presence (B) of PEG in solution. The membrane was bathed by aqueous solution of 1 M KCI (A) and
by the same solution with 20% PEG2000 added (B). Time averaging was 2 ms; transmembrane potential was —40 mV. Amplitude
histograms of the single channel conductance measured as 1 s averages are shown in insets. The bin width was 40 pS. More than
200 insertions were analyzed. The normal distribution fits well the main peak of the histograms (solid lines). All other conditions
are described in the Experimental Section.
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Figure 3. (A) Concentration dependence of channel conductance suggests strong polymer—polymer interactions driving initially
differently excluded PEG1500, PEG2000, and PEG3400 into the channel pore. As polymer concentration in the membrane-bathing
solution is increased, the three dependences collapse onto the PEG200 curve. The upper solid line shows the channel conductance
expected for zero partitioning;® the bottom line is drawn through PEG200 data and is assumed to represent polymer
equipartitioning. (B) Partition coefficient for PEG3400 (squares) calculated from the conductance change in panel A is shown in
comparison with predictions of eq 8 (solid lines). The model predictions, where the free energy of polymer confinement at infinite
dilution (AFo) is used as an adjustable parameter, fail to describe the sharp increase in partitioning with polymer concentration.
The overlap concentration, c*, is calculated using the Ohta and Oono approximation for the osmotic pressure in Figure 1 (see

text).

Histograms of channel conductances in polymer-free
(panel A) and polymer containing (panel B) solutions
are shown as Figure 2 insets. To obtain a histogram, a
total of 200 spontaneous channel insertions were ana-
lyzed. It is seen that the addition of 20% of PEG2000
decreases mean channel conductance by about 50% of
its value in polymer-free solution. Each conductance
value used for histogram calculation was obtained from
the channel current averaged during 1 s. This time is
much larger than all characteristic diffusion times in
the system?® including PEG configuration relaxation
time. The repeated measurements of conductance of the
same channel (not included in histogram) gave results
that were reproducible within +2%. Therefore, the
Gaussian-like spread of channel conductances is not
related to the accuracy of our measurements (in the
presence or absence of PEG) but rather to some minor
deviations in the pore structure from channel to chan-

nel. Distinctly separate populations of small conduc-
tances can be tentatively attributed to contaminations
by nicked hemolysin.3?

Figure 3A summarizes our data on polymer-induced
conductance reduction. It demonstrates that the inter-
ference of polymers with ionic current and, therefore,
polymer partitioning depends on both polymer molec-
ular weight and polymer concentration. The bottom
solid curve shows effect of the smallest polymer used,
PEG200. As was discussed previously (e.g., refs 13 and
14), due to the PEG—pore attractive interaction, this
polymer partitions into the pore even to an excess of its
bulk concentration. Addition of PEG200 reduces channel
conductance to a slightly higher degree than solution
conductivity. Another interesting point is that its effect
on channel conductance is indistinguishable from
PEG300 effect. These two observations allow us to use
the decrease in the channel conductance induced by
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PEG200 as a measure of polymer maximum partition-
ing.

At polymer concentrations smaller than 15%, the
largest polymer used in this study, PEG3400, practically
does not penetrate into the channel pore at all. In this
concentration range, the channel conductance even
increases. This is due to the increase in salt activity in
the presence of PEG.® However, at higher polymer
concentrations PEG3400 starts to penetrate the channel
and to interfere with the ionic current. At 30% PEG
concentration the effect of this large polymer, which is
mostly excluded at small concentrations, is very close
to the effect of small, easily penetrating PEG200.

To derive the partition coefficient from the conduc-
tance vs concentration data in Figure 3A, we use our
usual assumption that the polymer-induced reduction
in channel conductance is proportional to polymer
partition coefficient.13 If we also assume that partition
coefficient for PEG200 equals one, we have

p(c %, w) = Ag(c %, W)/(Gmax(C %) — Gmin(c %)) (1)

where Ag(c %, w) is the conductance reduction caused
by PEG with molecular weight w in comparison to
Omax(€%), which is the channel conductance in the
presence of completely excluded polymers; gmin(c%) is
the channel conductance in the presence of completely
penetrating small polymers (PEG200). The zero parti-
tioning curve in Figure 3A represents gmax(c %) and is
calculated as described in ref 6. It accounts for the
following two effects of PEG addition: (i) an increase
in salt activity that increases conductance of the channel
proper and (ii) a decrease in bulk solution conductivity
that decreases conductance of the channel contacts with
the bulk.

The results for PEG3400 are plotted in Figure 3B.
Increased concentration drives this polymer into the
channel pore. Nearly completely excluded at concentra-
tions smaller than 15%, PEG3400 starts to penetrate
the pore at higher concentrations with partition coef-
ficient approaching unity at 30% concentration.

Solution Nonideality. An increase in partition
coefficient at increasing polymer concentration can be
thought of as a manifestation of polymer—polymer
repulsion that drives polymers into the pore to an excess
of simple proportionality between their pore and bulk
concentrations.

To quantify the effects of solution nonideality we use
osmotic pressure of PEG-containing solutions. First, for
the nonideal part of the pressure, we consider des
Cloizeaux approximation® that was recently shown to
adequately describe PEG data:33

Al (¢) = a(kT/a%)p™ )

where k and T have their usual meanings of the
Boltzmann constant and the absolute temperature, a
is the “persistence length” , o is a constant on the order
of unity, and ¢ is the monomer volume fraction. Intro-
ducing A by Bc%4 = ¢4 we relate the monomer volume
fraction to polymer concentration c. Because of about a
10% difference in partial specific volumes of water and
PEG, f is slightly concentration-dependent; we neglect
this dependence and take its value for infinite dilutions.
Then, for the reduced form of osmotic pressure, P(c), we
can write:
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Hosm (C)
ckT

P(c) = =1+ af(1/a®)c™ ®3)

For the chemical potential of polymer in the bulk,22.23
we have

Uy = o+ KT Inc, + KTI(c,) (4)

where ¢, is the bulk polymer concentration and the
nonideality term is

Cp P(C) -1

I(ey) =P(e) =1+ f"——de ()

Calculating this term in the des Cloizeaux approxima-
tion (eq 3), we arrive at

sy =t + KT In ¢, + gaﬂ(kT/aB)cbs"‘ (6)

Following Teraoka et al.,?223 we write the chemical
potential of the polymer in the pore in the same form
as in the bulk but offset by the concentration-dependent
free energy of polymer confinement, AF(cp)

9
uy =+ KT Inc, + gaﬂ(kT/a3)cp5/4 + AF(c,) (7)

This assumption is indeed a gross simplification of the
actual situation. For example, we neglect polymer—pore
interactions other than purely entropic and disregard
possible modifications of polymer—polymer interactions
within the pore due the changes in the properties of
water confined by protein cavities.3* However, this
idealized approach permits us to get a quantitative
“gauge” for the experimental results.

Equating the polymer’s chemical potentials in the
bulk and in the pore, we obtain

KT In p = 20p(kT/a%)c, (1 — p*) — AF(cy)  (8)

where the partition coefficient is defined as a ratio of
polymer concentrations in the pore and in the bulk p =
CplCh.

For the free energy of chain confinement by the pore,
we write

(9)

/3
AF(c,) = AFO(RRFF(((;’)) )5

where Rg(cy) is the concentration-dependent end-to-end
distance for which we use an approximation given by
Ohta and Oono.?* The numerical coefficient aS(kT/a3)
can be obtained from fitting eq 3 to the osmotic pressure
data in Figure 1 thus leaving the only adjustable
parameter in eq 8, the free energy of polymer confine-
ment at infinite dilution, AF.

Comparison of eq 8 predictions with experiment is
presented in Figure 3B. The experimental data show
much sharper dependence on polymer concentration
than the theoretical curves. By decreasing AFo, we are
able to achieve a better fit at high polymer concentra-
tions, but only at the expense of losing the fit at low
concentrations. In agreement with Teraoka et al.23 we
find that the effect of chain contraction at the increasing
polymer concentration is small; the leading cause of
nonlinear partitioning is the nonideality in osmotic
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pressure. The buildup in osmotic pressure (Figure 1)
drives polymer chains into the pore to an excess of the
simple linear partitioning.

Very close theoretical predictions were obtained using
the osmotic pressure approximation derived by Ohta
and Oono?* according to which

PX)=1+ %x exp{%[% + (1 - %) In(1 + X)]} (10)

where X is the reduced concentration that is defined
through the overlap concentration c*as X = 3.49c/c*.
Fitting eq 10 to the data in Figure 1 and using this
expression to calculate the nonideality term in eq 4, we
arrive at the theoretical curves that practically coincide
with the solid lines in Figure 3B. Qualitatively similar
results have also been found using the third-order virial
expansion (not shown). The measured dependence of
polymer partitioning is much steeper than the theoreti-
cal predictions that use osmotic pressure data in Figure
1 to quantify polymer—polymer interactions.

The overlap concentration obtained by fitting eq 10
to the PEG3400 data in Figure 1 is 12.9% which
corresponds to ¢* = 2.28 x 10%> m~3. Using des Cloizeaux
definition of the overlap concentration3s c* = 1/(v/2 Rg®)3,
for the radius of gyration at infinite dilution we have
Ry@ = 24.9 A. Consequently, for the end-to-end distance,
which is related to the gyration radius by?® Re/Ry= 2.51,
we obtain Re = 62.5 A. The hydrodynamic radius of
PEG3400 can be found from® Ru/Ry = 0.64 as Ry =
15.9 A. This value is in good agreement with the
experimental data.®3¢ All these numbers should be
compared to the effective radius of the a-hemolysin pore
which is close to 10 A 10.1437

The sharp transition between the weak and strong
partitioning in Figure 3B is observed at polymer con-
centrations just above c*, the overlap concentration of
12.9%. Qualitatively, this behavior is in perfect agree-
ment with the scaling analysis by Daoud and de
Gennes?5> who predicted that partitioning in the semi-
dilute solutions is governed by the correlation length of
monomer density fluctuations in the bulk solution, &,
and not by the characteristic size of a polymer molecule.
With the increasing polymer concentration the weak-
to-strong partitioning transition occurs when the de-
creasing correlation length becomes smaller than the
pore aperture.

Unfortunately, the scaling analysis by Daoud and de
Gennes?S does not give analytical results for the most
interesting regime, where bulk polymer concentration
exceeds c*, but is still smaller than the concentration
corresponding to the strong partitioning (concentration
range 15—25% in our experiments with PEG3400). For
this reason, a quantitative comparison with our results
is rather difficult. Scaling calculations of the partition
coefficient for the confinement in a pore in this regime
are underway.>°

To our knowledge, the transition between weak and
strong partitioning at the increasing polymer concentra-
tion was observed in light-scattering experiments by
several groups (e.g., see ref 22 for a review). However,
the quantitative analysis of the partitioning was quite
satisfactory within the framework of the nonideality
model described above.?® Figure 3B demonstrates that
the sharp transition obtained in the present study
cannot be rationalized by this model. A similar behavior
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was recently found for a model system in Monte Carlo
simulations of polymer partitioning into a square chan-
nel.38

Quality of Polymer Samples. In our analysis, we
treat polymers as objects composed of molecules of
exactly equal size, identified by their nominal molecular
weight. In reality, PEG samples are always represented
by finite distributions of molecular weights so that the
nominal weight given by the manufacturer is, at best,
the average weight. What are the possible effects of
these distributions in polymer partitioning experiments?

As was discussed elsewhere for experiments where
the molecular weight was varied but monomer concen-
tration was kept constant,®8 the presence of higher- or
lower-weight fractions only broadens the transition
between penetration and exclusion. Indeed, suppose
that each polymer sample is a mixture of two differently
sized polymers, represented by their average molecular
weight. Then, in the set of experiments where the
average weight is increased, the exclusion should start
sooner (higher-weight fractions start to be excluded
first) and should end later (lower-weight fractions stop
penetrating last). The resulting dependence of partition
coefficient on the polymer molecular weight would be
“smeared” by the samples’ finite weight distributions.

Here we describe experiments with the conserved
molecular weight, but increasing monomer concentra-
tion. One may think that the lower-weight polymer
fractions (e.g., to be radical, PEG200 in the “PEG3400”
sample) progressively partition into the channel pore
driven there by the increasing pressure produced by the
higher-weight fraction. First, we checked this conjecture
theoretically by complementing eq 8 with an additional
similar equation for the lower-weight fraction and
solving the two equations together numerically. As a
result, depending on the relative amount of the second
fraction and its relative molecular weight, we could
observe significant corrections to the theoretical curves
(data not shown). The lower-weight fraction does enter
the pore progressively with the total polymer concentra-
tion; however, the effect can be well described by
choosing smaller values of AFq in egs 8 and 9 without
sharpening the concentration dependence (see also ref
39). Second, to characterize sample quality we used gel
permeation chromatography and determined the number-
average (Mp) and weight-average (M,,) molecular masses
of our PEG samples. The ratio M,,/M,, was found to be
close to unity, though increasing with the polymer
molecular weight. In particular, it was equal 1.08 for
PEG400 and 1.18 for PEG4600.

Effects of Osmotic Stress. Conventional interpreta-
tion of osmotic stress effects on a protein molecule is
that osmotic pressure changes equilibrium between
different conformational states of the molecule.* For ion
channels, different states are often seen as different
levels of the channel conductance whose probabilities
change in the presence of osmolytes.340.41

We found that addition of nonpenetrating polymers
to membrane-bathing solutions resulted in a decrease
of the a-hemolysin channel dwell time in the open
conformation (data not shown). To obtain the conduc-
tance data reported here we selected only fully open
states of the channel. However, there is a hypothetical
possibility that channel conductance is reduced by the
change in channel dimensions due to finite protein
elasticity.*2 For osmotic pressures of about 2 x 108 Nm—2
corresponding to 30% concentration of PEG3400, the
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force applied to a channel wall of 1 nm? area can be
estimated as 2 pN. This force is to be compared with a
characteristic force that a single charge is experiencing
in a typical transmembrane field. Taking potential
difference of 100 mV acting across a 5 nm thick
membrane we obtain 3 pN. Thus, the “osmotic force” of
excluded PEG at 30% bulk polymer concentration is
comparable with a typical electric force per membrane
protein charge.

Being a plausible candidate, the idea of the osmoti-
cally induced change in the pore dimensions as the
reason for the observed conductance reduction at high
polymer concentrations contradicts the data in Figure
3A. Indeed, PEG200, which easily penetrates the chan-
nel, is not supposed to exert pore-collapsing osmotic
stress at all. Larger PEG1500, PEG2000, and PEG3400
should produce different osmotic stress because they are
excluded to a different degree.*%41 However, their effects
on channel conductance practically coincide with that
of PEG200 at high polymer concentrations. This obser-
vation strongly suggests that the mechanism of conduc-
tance reduction is common to both small, freely pen-
etrating polymers, which do not exert the osmotic force
on the channel wall, and large, completely excluded
polymers. Therefore, we conclude that the channel
conductance reduction in the presence of either small
or large polymers is not caused by channel elastic
deformation by osmotic stress.

Finally, addition of polymers into the membrane-
bathing solution may influence the natural distribution
of channel sizes (Figure 2A, inset) by some kind of
osmotically driven “pre-selection” . Indeed, it could be
imagined that osmotic stress shifts the conformational
distribution of channels in favor of conformations with
smaller volumes of polymer-inaccessible water and,
therefore, with smaller conductances. This effect would
be manifested as an extra decrease in the average
channel conductance in the presence of poorly penetrat-
ing PEGs.

To explore this possibility, we performed a series of
measurements where the effect of changing polymer
concentration on channel conductance was studied on
the same single channel. Figure 4 illustrates one of
these experiments. Here, the protocol is different from
that of Figure 2 and all other experiments in this study.
Instead of reconstituting channels at the final PEG3400
concentration of 30%, we first reconstituted the channel
at 15% PEG3400 concentration that corresponds to
exclusion (squares in Figure 3), recorded its conduc-
tance, and only then increased polymer concentration
to 30%. The denser 30% PEG3400 solution was slowly
added to the bottom of the membrane cell until the
solution level went above the membrane aperture.
Absence of significant mixing between the initial and
final solution was verified by the use of a dye in the
denser solution and, independently, by the index of
refraction measurements of PEG concentration in the
cell. It is seen that the action of the denser solution is
delayed by several minutes reflecting the rate of the
denser solution exchange with the initial solution at the
membrane surface. After the delay, the channel con-
ductance stabilizes at a new level that is in good
agreement with the data in Figure 3A. Thus, these
control experiments demonstrate that the effect of the
possible osmotic “pre-selection” discussed above is neg-
ligible.
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Figure 4. Monitoring changes in conductance of the same
single channel at the increased polymer concentration. After
channel insertion into the membrane (the leftmost part of the
recording), the initial solution of 15% PEG3400 was substi-
tuted by solution containing 30% PEG3400. Transmembrane
potential was —40 mV. The data are presented at 100 ms
averaging. The dashed line indicates zero current. Insets:
samples of 100 ms duration taken from different parts of the
recording marked by arrows are shown at 0.1 ms resolution.
It is seen that the channel is mostly in its high-conductance
state, that is, the mostly polymer-free at 15% and is mostly
occupied by polymer at 30% PEG concentration.

Effects of the Electric Field. We discuss our main
findings in terms of equilibrium polymer partitioning,
and our measurements are performed at a relatively
small transmembrane voltage of 40 mV. Nevertheless,
due to the small length of the channel (10 nm), the
electric field created by this voltage in the channel is
rather strong (40 mV/10 nm = 4 x 106 V/m; it is even
higher in certain parts of the channel if one accounts
for the channel irregular geometry). This field strength
may be enough to distort the channel/polymer equilib-
rium due to polarization effects and the well-known
ability of PEG to bind cations in electrolyte water
solutions.843

To test this hypothesis, we measured polymer parti-
tioning at equilibrium conditions. We made use of the
main idea of the fluctuation—dissipation theorem that
equilibrium fluctuations can be related to the system
impedance. In the case of current fluctuations the
corresponding relation takes the form of the Nyquist
formula**

S,(f) = 4kT Re(1/Z(f)) (11)

where Si(f) is the equilibrium power spectral density
of current fluctuations and Z(f ) is system’s impedance
at frequency f. At low frequencies, where we can neglect
the frequency dispersion in channel ionic conductance
G we have 1/Z(f) = G. Therefore, we can calculate
system conductance from system noise without applica-
tion of any transmembrane potential

G = S,(0)/4KT (12)

Results of such an experiment are shown in Figure
5. All three spectra were measured at zero applied
potential with the amplifier kept in the “voltage clamp”
mode. To be sure that a possible misbalance in electrode
potentials did not interfere with the measurement, it
was the current though the channels that was mini-
mized to a level smaller than 0.1 pA. The upper
spectrum in Figure 5A was measured from 13 channels
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Figure 5. Making use of the fluctuation—dissipation theorem to measure channel conductance at equilibrium. (A) Spectra of
equilibrium current fluctuations at zero transmembrane potential report on the membrane conductance. Equilibrium noise of 13
channels (N = 13) significantly exceeds background noise (N = 0) and is decreased by polymer addition. The rising parts of the
spectra are mostly related to the finite electrode resistance, amplifier noise, and membrane capacitance.*® (B) Equilibrium channel
noise, averaged over the first decade of the frequency range with the background subtracted, as a function of the number of
channels. Addition of 20% PEG2000 decreases the noise by ~1.8 times.

in the membrane in the absence of PEG, so that this
corresponded to voltage misbalance smaller than 0.1 pA/
(13 x 0.95 nS), which is 8 uV. The background spectrum
was taken before protein addition; it represents a
membrane without channels, though most of the low-
frequency noise originates from the amplifier feedback
resistor (“whole-cell” mode, Axopatch 200B, Axon In-
struments, Inc., Foster City, CA).

Insertion of channels increases both membrane con-
ductance and, in agreement with eq 11 predictions, ionic
current noise (upper curve). Addition of polymers re-
duces channel conductance and its equilibrium noise
(middle curve). Noise intensities were obtained from
these spectra by averaging over the frequency band
7—100 Hz with the background subtracted. They are
shown in Figure 5B as functions of the number of
channels. It is seen that equilibrium noise increases
with the number of channels in both solutions, but in
PEG-free solution it grows in larger increments. For
polymer-free solutions it is (1.5 & 0.1) x 10729 A%/Hz
per channel, and for 20% PEG2000 it is (0.83 £+ 0.07) x
1072% A?/Hz per channel. Using eq 12 we obtain 0.93 +
0.06 and 0.51 + 0.04 nS, correspondingly. These num-
bers should be compared with 0.96 + 0.02 and 0.48 +
0.05 nS obtained from the 1-V relationship at —40 mV.
On the basis of these results, we conclude that the
partitioning we discuss here is an equilibrium phenom-
enon.

Conductance Reduction as a Measure of Poly-
mer Partitioning. We deduce polymer partitioning
coefficient from the polymer-induced reduction in chan-
nel conductance. Our usual assumption is the linear
relation between partition coefficient and conductance
change, eq 1. This assumption is based on PEG effect
on electrolyte solution conductivity (e.g., Figure 1 in ref
11) showing that in the concentration range 0—15%, the
relative deviation from a linear regression does not
exceed 0.03 for any point.

For the higher polymer concentrations used in the
present study this deviation is larger.’? Nonlinearity
between the change in channel conductance and average
polymer concentration in the channel pore could intro-
duce significant corrections. To account for this nonlin-

earity we use the relative change in channel conduc-
tance in the presence of small, easily penetrating
PEG200 (bottom curve in Figure 3A). Taking this
approximation to refine our calculation of the partition
coefficient, we obtain only small corrections (not shown).
The difference between the linear and the refined
approximation is small enough not to change any of our
conclusions.

Importantly, all three dependences for partially ex-
cluded PEG1500, PEG2000, and PEG3400 collapse onto
equipartitioning curve (Figure 3A) so that the effect
becomes independent of polymer molecular weight. This
finding strongly suggests that at high concentrations
the mechanism of channel conductance reduction by
these polymers is the same as for the freely partitioning
PEG200. Similar to the molecular-weight-independent
effect of PEG addition on the bulk solution conductiv-
ity,’* the reduction is due to the dilution of ion concen-
tration and to the increase in solution microviscosity by
the polymers in the channel pore.

Conclusions

Here we have studied how polymer partitioning
depends on the polymer concentration. As is reasonable
to expect, higher polymer concentrations correspond to
higher partitioning. However, we find that the transi-
tion between exclusion and penetration at the varying
polymer concentration is sharper than predicted by
theories that account only for polymer solution nonide-
ality and concentration-dependent entropic repulsion
between the polymer and the pore. Thus, our findings
differ from those of the previously reported nonlinear
polymer partitioning experiments (e.g., ref 23), where
the main results could be quantitatively explained by
the polymer—polymer repulsion derived from the os-
motic pressure data.

Recent Monte Carlo simulations of polymers in a
slit*>46 and, in particular, a square channel®® in contact
with a reservoir demonstrated a highly nonlinear par-
titioning in semidilute solutions. Importantly, in agree-
ment with earlier predictions?® it was concluded?® that
it is not the chain length but the correlation length of
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monomer density fluctuations in the exterior solution
that governs the partitioning in semidilute solutions.
These results may be crucially important for under-
standing polymer partitioning into protein voids studied
here.

One of the steps of future theoretical effort could also
be to account for the polymer—pore attractive interac-
tions, existence of which was revealed in our previous
studies.’®14 It is quite obvious that attractive interac-
tions between polymer chain segments and the pore
walls increase polymer partitioning by partially com-
pensating entropic repulsion.*” Moreover, if the strength
of these interactions is assumed to grow with the
polymer concentration in the pore, one should expect a
sharpening of the transition between exclusion and
penetration.

Other essential modifications of the model could be
related to the finiteness of channel dimensions. Indeed,
the polymer length is larger not only than the pore
radius of 1 nm but also the pore length (e.g., the length
of a fully extended PEG3400 molecule is close to 30 nm,
while the channel length is 10 nm). Therefore, partial
polymer confinement*® may be of importance.
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